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I. Introduction 

High momentum resolution is a primary criterion by which 

the meson laboratory beam M6 is designed. It is a three-stage 

beam with a momentum defining slit at the end of the first 

stage. The dispersion is maximum at this point to give good 

resolution. The beam may be made essentially monochromatic 

by stopping down a slit located here. Recombination is done 

in the second and third stages with moderately high dispersion 

at the end of the second stage. For a larger momentum band 

pass, momentum determination may be done by placing counters at 

this 

uses 

point. Further description of the beam line and its potential 

may be found elsewhere. 1,2 

The minimum momentum interval carried by the beam will be 

0.03% of the central momentum. This figure also then represents 

the maximum momentum resolution obtainable. However the beam 

line can transmit a total momentum interval of 2% of the central 

momentum. To maximize the analyzing power of any experiment 

utilizing the beam, it is desirable to have this resolution 

capability for the entire momentum interval carried by the beam. 

One therefore must eliminate aberrations which cause variation 

of the spot size at the momentum focus with either momentum or 

initial angle. 

a Operated by Universities Research Association Inc. Under Contract with the United States Atomic Energy Commission 
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In Section II below we describe the principal aberrations 

inherent in the design of the beam. Sections III and IV present 

schemes for eliminating some of these aberrations to second order. 

Finally in Section V we examine each of the solutions including 

the effect of higher order terms. 

II. The Beam and Principal Aberrations 

A. Basic Beam Geometry 

Each of the three stages of the beam contains two quadrupole 

doublets. The first focuses from point to parallel, while 

the second refocuses the beam to a point. For both doublets 

the horizontally defocusing quad is placed nearer the focus. 

This both maximizes the resolution and helps match the beam 

profile with the bending magnet apertures. Between the doublets, 

in the parallel region,are placed the bending magnets whose 

purpose is either to disperse or recombine the beam in momentum. 

At high energies with zero gradient bending magnets, we may, 

for purposes of this discussion, safely ignore the focusing 

properties of the bending magnets. At each focus is placed a 

field lens quadrupole which further aids in obtaining complete 

momentum recombination. 

For a doublet focusing point to parallel,as shown in Figure 

1, two principal planes are relevant. 3 The figure is drawn 

with the horizontally defocusing quadrupole nearer the focus, 

as is the case in beam line M6. If R is the distance from 

the focus to the first quadrupoles, s is the distance between 

the centers of the quadrupoles, and fl and f2 are their 

respective focal lengths, then in a thin lens approximation 
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(1) 
---- 

f2 = -\TS(R + s) 

The distances from the focus to the horizontal and vertical 

principal planes respectively are: 

hX 
=R+s+f2 (2) 

h 
Y =R+s-f2 

The magnitude of the sine-like ray in each plane in the parallel 

section is equal to the distance from the focus to the corres- 

ponding principal plane. 

B. Principal Aberrations 

At high energies the important aberrations occurring in a 

beam line arise from three sources: 4 chromatic aberrations from 

the quadrupoles, the effect of particles traversing a bending 

magnet at an angle to the central ray, and the influence of 

sextupoles. Since in this beam the bending magnets are placed 

in the parallel sections we may safely ignore the second item. 

We will now concentrate our attention on the chromatic aberrations 

of the quadrupoles. 

The principal impediment to achieving high resolution over 

the entire momentum band carried by the beam is the variation 

with momentum of the focusing strength of the quads. For a 

point-to-point image this variation is measured by the second- 

order matrix elements Tl26 and T346. For this case Brown' 

has shown that the matrix element Tl26 is given by: 

,-” 2 
T126 = fitx,; $3; dz 

0 
(3) 
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where M 
X 

is the horizontal magnification and s' x the slope 

of the horizontal sine-like ray. The integral is taken over 

the entire distance between foci. The term T346 may be evaluated 

similarly. 

We now depict in Figure 2 a section of the beam, with 

principal planes shown for each doublet. For a thin lens 

approximation it may be shown that 

T126 = 2(h2 + h3) (4) 

T346 = 2(hl + h4) 

An exact numerical calculation shows that for NAL beams this 

result should be accurate to within a few percent. For 

the optical mode used in beam line M6 the chromatic aberration 

will clearly be significantly greater in the horizontal than 

in the vertical plane. 

For a two-stage beam the chromatic aberration of each stage 

will be affected by the magnification of the other, but the 

result for each stage is unchanged. 

III. Two Sextunole Solution 

We now address ourselves to the problem of eliminating 

chromatic aberration at the end of the second section. 5 First 

we consider a solution which reduces the term T126 to zero 

but ignores the effect on T346. As shown in the previous 

section chromatic aberration is larger in the horizontal plane. 

It is also in the horizontal plane that chromatic aberration 

affects the momentum resolution. 
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In Figure 3 we designate the positions of four sextupoles 

placed in the second stage of the beam, labeling them with the 

letters a, b, c, and d. The sextupoles straddle the doublets 

in pairs, sextupoles a and d being as close to the quadrupoles 

as possible. The dispersion ray d, is also shown, with its 

crossover in the vicinity of sextupole c. In this section 

we consider the use of only sextupoles b and c. A solution 

Using all four sextupoles will be discussed in Section IV. 

A sextupole placed in a beam line to correct for chromatic 

aberrations will introduce geometric aberrations. The principal 

ones affecting beam spot size in this beam are T 122 and T 144' 
Therefore we must include at least two sextupoles so their 

contributions to geometric terms will cancel while eliminating 

chromatic terms. 

The changes in the relevant matrix elements due to a single 

sextupole are: 4 

ATl22 = Mxsx 3S (5) 

ATl44 = -Mxsxsy 2S 

ATl26 = 2Mxsx2dxS 

where Mx is the horizontal magnification, s and s Y are the 
X 

sine-like rays in each plane and dx is the dispersion ray. The 

quantity S is a measure of the strength of the sextupole and is 

equal to qBll/a2p0, where B is the pole tip field, a the half 

aperture, and R the length of the sextupole, and q and p. 

represent the charge and central momentum of the particles. 

Since the sextupoles are both placed in the parallel 

section the two sine-like rays sx and s 
Y have the same magnitude 
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for each of them. Hence by setting their strengths to be equal 

and opposite we may cancel the contributions to T 122 and T144. 

Letting S = Sb = -SC we can eliminate the T126 term by setting: 

2MxSxb 2s (dxb - dxc) = -T126 (6) 

Actual determination of the sextupole strengths was done using 

the program TRANSPORT. 6,7 Using sextupoles which are 2.5 feet 

long and have a half aperture of 5 cm, a pole tip field of 

2.774 kilogauss is required. 

IV. Four Sextupole Solution 

To eliminate chromatic aberration to second order in both 

planes, four sextupoles are required. In addition to the 

chromatic term T 346' the geometric term T324 now becomes 

important. The coupling of a sextupole to these additional 

terms is given by: 

aT324 = -2Mysxsy 2S (7) 

AT346 = -2Mysy 2dxS 

where now s 
Y 

is the vertical sine-like ray and M is the 
Y 

vertical magnification. We see that the difference in coupling 

to the terms T144 and T324 lies only in the magnification term, 

which is a property of the entire beam line and is therefore 

the same for all sextupoles. Therefore if the sextupoles are 

set so that Tlg4 is equal to zero, then T324 will also equal 

zero. We now have four terms to eliminate with four sextupoles. 

It remains to determine if the four couplings are sufficiently 

independent to guarantee that the solution will result in 

reasonable pole tip fields. 
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We may now write the equation to be solved in the form: 

MS+T=O (8) 

where S is a vector giving the four sextupole strengths, T a 

vector made up of the uncorrected second order terms T 122' 
T144, T126# T346 respectivelyr and M is a matrix of the coupling 

terms. The uncorrected T matrix terms are those which occur when 

no sextupoles are included, The element Ml1 of this matrix, for 

example will have the form M s 3 
x xa' where s xa is the magnitude of 

the horizontal sine-like ray at point a. By defining a new 

vector F as a renormalized T whose elements are given as: 

i T 122'"x ! 

F= 

i 

-T144/Mx I 
T126/2Mx " 

,-T346/2My / 

(9) 

we may introduce a simpler Matrix R and rewrite equation (8) 

as: 

Ks+T=o (8a) 
where now exhibit a explicitly as: 

3 
'xb 

2 2 2 \ 

g= 'xbSyb sxcsyc 'xdSyd 

s 2d 2d 2d 2d ' xa xa 'xb xb 'xc xc 'xd xd ' 
, i: 

2d 2d 'ya xa 'yb xb 'yc xc 'yd xd ' 2d 2d J 

and label the submatrices as follows: 

Jf= 
i 

Ml1 M12U 

M21 M22U 

where the matrix U, given by: 

(10) 

(loa) 

u= 

: 

01 \ 
1 Oi 

(11) 
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functions simply to interchange the columns of the matrix that 

multiplies it. W ith this definition, if the second stage of 

the beam were symmetric, so that the two doublets were mirror 

images of each other, we would have M 11 = M12. 

Now if the matrix E is non-singular a solution will exist. 

Roughly, we may say that if the determinant of K is large, 

the resulting sextupole strengths will be small. Consider 

first the situation which would occur if the momentum recom- 

bination were done entirely in the second stage. Then we 

would have d xc = dxd = 0 and therefore M22 = 0. This would 

give us det(R) = -det(M12) l det(M21), so by examining the 

structure of the submatrices we can gain understanding of 

the entire problem. 

From the locations of the principal planes we see that: 

S < s xa xb 

SYa > 'yb 
S xd < s xc 

(12) 

'yd ' 'yc 

Examination of the coupling terms shows that sextupoles b and 

c will couple most strongly to T122 and T126 while sextupoles 

a and d couple more strongly to T144 and T346. In essence 

what we are doing is first to correct T126 and T346 with sextu- 

poles b and a respectively. Then we correct the resultant T122 

and T144 terms with sextupoles c and d respectively. Examining 

the determinants of the submatrices and referring to equations 

(12) we find: 
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2 2 2 2 
-de @J12) = sxcsxd (sxc syd - syc sxd) ' 0 (13) 

2 2 2 2 
de-k 042$ = dxadxb(Sxa SYb - Sya Sxb) ' 0 

If we now define the two component vectors T, and F2 

as giving the upper and lower (geometric and chromatic) parts of 

T and Sl and S2 as: 

/s !\ 
s1 = 

; 
al 

s2 = 
“d\ 

"b/ \ 
SC/ (14) 

I 
As explained in Section II, the components of F, will be zero 

so we arrive at the solution: 

s1 = -l- 
-"21 T2 (15) 

s2 = -Ml2 
-1 

MllSl 

Now, of course, momentum recombination is not all accomplished 

in the second stage and the conditions dxc = 0 and dxd = 0 cannot 

simultaneously be true. However if we adjust the field lens to 

place the momentum crossover in the region of sextupole c, then 

the situation should not differ too greatly from the previous 

case and solution should still be possible. We must now 

solve the simultaneous equations: 

MllSl + M12S2 = 0 (16) 

M21Sl + M22S2 = 2, 

We define a new two-component vector X as: 

X = MllSl . (17) 

The arguments used above to show Ml2 to be non-singular 

apply also to Ml1 and from the first of equations (16) we get: 
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(18) 

S2 = -Ml2 -lx 

Substituting into the second of equations (16) gives: 

("21Mll 
-1 - Mz2M12-l)X = -F, (19) 

Each of the submatrices Mll, M12, M21, and M22 is factorizable 

and, for example, we have: 

The first matrix on the right side is the same in each 

equation so that in equation (19) we have: 

M21"11 
-1 

- M22"12 
-1 = 

jdxa dxd 
i 

--P 0 
S S xa xd 

1 
d d 

0 xb xc --- 
S xb S xc 

(20) 

Since sxb = sxcV the lower right term is (dxb - dxc)/sxb, 

indicating that here, just as for the two sextupole case, only 

the difference in the magnitude of the dispersion ray at the 

two points is important. Also by setting the momentum crossover 

point at sextupole c, we see that dxd will be negative. Thus 
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we are insured that both terms are non-zero, and a solution is 

indeed possible. Numerical values were once again obtained 

with the program TRANSPORT. For sextupoles with dimensions as 

before, we get pole tip fields as shown: 

Sextupole Pole Tip Field 

'a 

'b 

sC 

'd 

-3.053 kg 

7.203 kg 

-6.829 kg 

2.750 kg 

V. Higher Order Effects 

Both the two- and the four-sextupole solutions work perfectly 

to second order. The obvious question, of course, is the influence 

of higher order effects. Such effects were examined with the use 

of the program TURTLE, 8 and the resulting histograms are shown 

in Figures 4-17. Both horizontal and vertical planes are shown 

at both second and third foci. The solutions described minimize 

the second order terms at the second focus. The effect on the beam 

spot at the third focus is of interest since that is the 

position at the final target. All runs were made using the 

recombined mode of the beam as adapted to the needs of experiment 

no. 96. 

In Figure 4 are shown respectively the vertical and 

horizontal beam profiles at the second focus, using the central 

design momentum and no sextupoles. The horizontal and vertical 

spots respectively at the third focus for the same beam configura- 

tion are shown in Figure 5. These profiles represent essentially 
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the first order beam spot. The aim of introducing correcting 

elements is to make the off-momentum profiles appear essentially 

the same. 

In Figures 6 and 7 are shown the same set of profiles for 

a momentum one-half percent above the design central momentum. 

Figures 8 and 9 are the same for a momentum 1% above the design 

central momentum. All cases are with no sextupoles. As we get 

away from the central momentum all profiles begin to'broaden 

due to chromatic aberration. As explained in Section II, the 

broadening in the vertical plane is substantially less than in 

the horizontal plane. 

In Figures lo-15 we see repeated the same set of profiles, 

but with the two sextupole solution. We are correcting for 

chromatic aberration on the horizontal plane at the second 

focus. As can be seen, the horizontal profile at the second 

focus is now essentially the same for all momenta. A tail, 

due to higher order effects, appears, even in the on-momentum 

profile, but is negligible. In the horizontal plane at the 

third focus the chromatic aberration is greatly reduced. Some 

deterioration of the beam profile in the vertical plane at 

both foci is observed. However, if we examine the coupling 

terms of the sextupoles to the vertical aberrations, we discover 

that, with the beam geometry used, they are much smaller than 

those for the horizontal aberrations. Therefore the loss in 

the vertical plane is not nearly as great as the gain in the 

horizontal. 
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The profiles for the four sextupole solution are shown 

in Figures 16 and 17 for only the central momentum. The 

higher order terms due to coupling of sextupoles produce a 

substantial deterioration of the horizontal beam spot, at 

both second and third foci. This deterioration is, for a 

large fraction of the momentum band, at least as great as 

the effect being corrected. It cannot therefore be used as 

a practical solution. The conclusion is that, for this beam, 

one must be satisfied correcting in only the horizontal 

plane and accepting a small deterioration in the vertical. 
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Figure 1. Doublet focusing point to parallel. The horizontally 
defocusing quadrupole,is nearer the focus. Principal 
planes and.si.ne-like rays are shown in the horizontal 
(x) and vertical (y) planes. 

Figure 2. A section of beam line M6 omitting bendincr magnets. 
Principal planes are shown for each doublet. Sine- 
like rays in both planes are also included. 

Figure 3. Second stage of beam line M6. Positions of four 
sextupoles a, b, c, and d are shown. The dispersion 
ray dx is drawn in. 



Reromh;nrd - no s*Flr 
THE FOLLOYIG 1s A HlSTOGRI" OF Y FOR S030 RAYS -16- 4Pll’ ‘0 

IYTERYAL 

LESS ,“A,! -S.ZFB 

-t.pae ni -Be190 
-P.19P TO -P.l'P 
-c?.sn0 TO -ir.lJrn 
-P.17G3 TO -0.160 
-c.$6* TO -7.lYP 
-e.15m TO -R.142 
-$.140 TO -P.lSL 
-e.13p 10 -e.17a 
-E.s25 TO -U.llR 
-P.11@ 13 -8.1-o 
-t.lPe 13 -3.d90 
-P..zQz" rn -8.a53 
-E.dac TO .m.07m 
-@.a70 ,I) -cl.045 
-1.060 rn -il.055 
-e.csc TO .d.215 
-P.242 rn -II,dJQ 
-9.a3-2 19 -d.aZ? 
-m.me 10 -r.Q15 
-?.ElP Tfl -a.c:0 
-e.a30 1-l cI.QlC 

C.PlP 10 n.P:? 
e.z7a 70 a.213 
e.aJz 1-1 m.eln 
P.rn40 7, rn.P52 
Z.P5E TO a.862 
n.aoe TO C.A7P 
2.517c TO 7.393 
e.952 TO rn.inOF 
P.QPD 10 a.12n 
&?.1?0 TO 2.11a 
P.Il? TO ll.128 
e.12a TO P,l30 
P.SIY 1" *.i45 
P.142 TO 2.1511 
P.15e TO 2.160 
O.lbil TO (r.17Q 
e.i7e TI e.142 
e.saa 70 n.190 
1.192 TO. P.2?0 

GREATER iW 0.2.?0 

NO 1 0s. Y IY cr 

SCALE FLCTORI roa Y'S EPUAL 320 RAYS 

1027.139 FT FROM THE TARGET 

THE FOLLOuING IS A HISTOtRA* OF X FOR 5000 RAYS 

IVTERVAL 

LESS 7HIU -t.zaa 

-i-.222 TO 
-P.192 TO 
-0.sae 10 
-Q.17Q ro 
-P.16a T" 
-P.lSd TO 
-F.,.Z T" 
-P.132! T" 
-c.12e 10 
-P.112 TO 
-P.1RZ 10 
-B.29#? rn 
-e.73n TO 
-c.c7e to 
-P.c"62 19 
-0.p52 T, 
-e.e40 TO 
-c.z30 TO 
-e.zx! 10 
-e.:10 T" 
-Ye279 TO 

P.Q10 TfJ 
k!.P70 TO 
F.P30 10 
p.p4e TO 
s.r9a 7" 

i.ib@ li 
b-.t7e TO 
e.saa TO 
e.l9e TO 

NO 2 OF X,N c.tl 

(I\ 
TM-374 
2254.000 

c 

0 
Q 
m 

; 
P 
a 
0 
F 
a 
d 
m 

117 
22.3 
294 
3-7 
36, 
397 
442 
387 
345 
435 
394 
35s 
322 
297 
22.3 
119 

a 
a 
0 
I 
5 
7 
7 
0 
7l 
A 
I 
P 

SCrLE FACTOR! 184 ~1s EQUAL 442 RAYS 

Figure 4. Beam profiles at the second focus in the vertical and 
horizontal planes respectively. No sextupoles are 
incltded and the momentum is the central design value. 
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Beam profiles at the third focus in the horizontal and 
vertidal planes respectively. No sextupoles are included 
and the momentum is the central design value. 
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Beam profiles at the second focus in the vertical and 
horizontal planes respectively. No sextupoles are 
included and the momentum is one-half percent above the 
central design value. 
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vertical-planes respectively. No sextupoles are included 
and the momentum is one-half percent above the central 
design value. 
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-2.v40 T') -7.030 
-7."30 7, -2.020 
-2.c20 ill -2.k?10 
-2.c10 Tll -2.0:*0 

CREAlFR THAN -2.030 

NO P OF XIN CW 1041.139 FT FROn THE TARGET 

Figure 12. 
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394 
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SCALE FACTOR: l0.a x~s EOUAL 395 RAYS 

Beam.profiles at the'second focus in the vertical and 
horizontal planes respectively. Two sextupoles are 
used and the momentum is one-half percent above the 
central design value. 



TUE F'!LlOJI"C IS A WISTOCRAP OF X FOR 50a0 RAY5 -259 

LESS ll(lS -E.z:‘il 

-F.2AE 79 -a,190 
-7.177 1" -0.192 
-P.t.YC 711 -1.172 
-7.17LT TO -It.*5v 
-c.,40 1') -0.15a 
-P.15Q I" -&.14C 
-F.140 I" -2,130 
-C.tlP 1n -7.123 

+.,‘a0 1’: -c.&?72 
-P.!,7c 7" -P.PhE 
-7.74rl 71 -0.050 
-i+.;sb4 ,n -0.a40 
-1,;4y TD -d.03Q 
-7.:30 1-i -2.87@ 
-v., .?a 73 -C.PlE 
-7.P10 Tn -7.0:,0 

o;030 
P.Q4? 
v.052 
P.050 
X,CIC: 
P.J"O 
d.29E 
v.1:a 
a.11a 
P.120 
2.133 
P.148 
0.150 
0.100 
2.170 
C.1'0 
P.l".? 
P.2~)0 

s.ze0 

NO 3 OF I tV CM 147P.OQa FT FROM THE TARGET 

I”?FIR’,AL 

LESS T-II‘4 -1,2b0 

-a.?“0 TO -0.190 
-e.19a TO -E.l9P 
-1'.19c TO -LT.173 
-e.170 ,n -d.l42 
-:.166 TO - ,' , 15 2 
-P.15J IF -i-.148 
-I-.142 TO -?.I32 
-P.130 71 -1.122 
-2.12z Y:: -C.llQ 
-?.,lE TO -,.1:-u 
-7.tLd TT! -0,772 
-e.:?Pd TC -r'.C'O 
-Z.jrYE TO -.3,t,a 
-V.b7d TO -a.P’d 
-c.t40 10 -i?.?'C 
-P..7SB ,(r -P.24d 
-z.?4d 13 -3-v cs 
-7.238 TO -Z.Pld 
-c.u2z 11 -2.110 
-P.?lc Tn -?,,P a 
-r.?ad TO :.71&? 

P.010 TO L".P'B 
0.226 TO .z.rxa 
P.PII: TO il,P4P 
C.?42 TO P.UiQ 
R.?SC TP B*P+,B 
t . ;' 6 3 1 '? P.CII 
e.p7p 70 ia,Y~R 
C.YPQ rc e.na 
F.>Qh TO A.1 ‘d 
F.l"lf 10 c,11a 
P.,ld 10 1.171 
c.12il TO a.152 
P.13:' 10 u.iaa 
10.140 ro 7.lj.3 
e.150 10 P.158 
8.1011 TO 0.170 
r.174 IO r.t*a 
Y.lSrl Trl o.19e 
P.19A TO d.2"d 

GRE4TFR THPH 8.260 

NO 4 OF Y 19 CM 

TM-3:li) 
2254.000 

TkE FOLLOWING IS 4 HlSTOGRA* OF Y FOR 5050 R4"S 

SCALE r4c104: 1°C x15 EOUAL 332 a415 

1478.000 Fi FROM THE TARGET 

Figure 13. Beam'profiles at the 'third focus in the horizontal and 
vertical planes respectively. Two sextupoles are used 
and the momentum is one-half percent above the central 
design value. 



THE FoLLO*lNG IS I HISrOGRAl’ OF Y FOR 5cm RAYS -26- 

LESS IHAN 

-P*?P# TO 
-P.19E In 
-h?.1Rln 71 
-P.17!d 70 
-F.168 In 
-F.\50 la 
-v.,40 1') 
-F.lsE 14 
-r.120 rn 
-P.11C 17 
-F.*aa 10 
-9.790 TO 
-0.280 10 
-F.L70 TO 
-cI.L'OE TO 
-P.05:: 7, 
-E.P4E 17 
-v.:3e 71 
-F.:'?.!z 11 
-P.:'10 17 
-Y.?:M Tr) 

F.?IF 11 
F.PZi? :n 
P.,'JE IO 
e.v40 TO 
7.750 TO 
F..'60 TD 
2.:70 70 
P.P.30 TO 
9.790 TO 
e.120 1n 
P.llC 10 
F.122 71 
9.132 TO 
P.14F TO 
P.15F 11 
P.l'IP TO 
P.178 10 
r.13c 70 
P.192 TO 

-0.2.!0 

-R.l90 
-;1.1"2 
-R.l7C 
-0.,~0 
-C.l5C 
-0.14a 
-(r.l3P 
-0.1?0 
-0.110 
-es1 'a 
-5.09P 
-P.0Sd 
-C.P~P 
-0.840 
-R.$YB 
-C.Q40 
-0.030 
-c.z?a 
-0.c13 
-c?.0-il 

0.210 
0.020 
B.P.10 
0.04C 
a.0=0 
2.050 
k!."70 
e.sio 
0.c5m 
0,170 
0.110 
0.122 
0.13a 
2.140 
?.155 
p.14a 
1.170 
r.laa 
C.19P 
1.270 

316 

65 
04 
on 
77 
94 
Rii 

113 
187 
174 
115 
lP6 
112 
131 
121 
I37 
179 
12‘1 
116 
125 
11" 
132 
146 
133 
133 
13s 
117 
123 
117 
137 
125 

95 
1 z a' 
121 
1PQ 
173 

96 
07 
71 
64 
43 

314 

1027.139 FT FROM TuE TARGET 

THE FOLLO'dlNG IS A HISTOGRAH OF x FOR SE00 RAYS 

1XlERVIL SCALE FACTOR: *co X@S EOUAL 421 RAYS 

LESS lYAN -4,6"3 

-4.630 T? -4.59a 
-4.590 13 -4.5aa 
-4.530 T? -4.571 
-4.572 T, -4.563 
-4.552 T'l -4,551 
-4.55* 73 -4.540 
-4.540 13 -4.53a 
-4.530 TO -4.520 
-4.520 TO -4.511 
-4.510 T!l -4.5-a 
-4.533 TO -4,493 
-4.49c? II -4.46# 
-5.433 10 -4.473 
-4.472 ,9 -4.462 
-4.46'2 TO -4.453 
-4.450 ,n -4.4421 
-4.440 73 -4.433 
-4.43.1 Tn -4.4?0 
-4.422 11 -4.410 
-4.413 Tr, -4.418 
-4.413 77 -4.393 
-4.390 10 -4.3Hd 
-4.392 T" -4.378 
-4.370 11 -4.360 
-4.360 70 -4.351 
-4.3c.z TO -4,34;r 
-4.34F T? -4.332 
-4.33:' Tn -4.329 
-4.320 TO -4.312 
-4.311‘ TJ -4.3b.0 
-4.3*2 TO -4.221 
-4.290 7" -4.240 
-4.232 TO -4.273 
-4.271 IO -4.260 
-4.250 in -4.251 
-4.75P Ti, -4.24a 
-4.746 7, -4,23A 
-4.7JP ro -4.PP0 
-4.721 Tn -4.213 
-4.;ia TO -4.290 

19 
52 
92 

164 
244 
283 
335 
351 
4111 
378 
377 
360 
375 
39: 
327 
209 
26" 
165 

74 
21 

0 
I 
II 
0  
e 
7 
R 
R 
0 
Pi 
0 

NO 2 OF x ,Y CM 

Figure 14. 

2254.000 

1041.139 FT. FROM THE TARGET 

Beam profiles at the second focus in the vertical and 
horizontal planes regpectively. Two sextupoles are 
used and the momentum is one percent above the central 
design value. 



LESS fHAh 

-P.PPa Y" 
4.lPP T11 
-Y.191 1" 
-c.1710 TO 
-k-.,4yI 1" 
-F.i511 TO 
-e.l40 rn 
-P .1JE If, 
-b!.1.?@ 1" 
-P.IlP 10 
-t.1v TII 
-F.l?i' ,:'I 
-c.r"9e 1n 
-P.270 TO 
-e.r41 17 
-C.750 TO 
-F.c40 10 
-e.1'30 10 
-F.:'2J2 1" 
-P.FlE rn 
-c.c:a 1, 

e.712 1~ 
P.?7F 71 
F.712 1n 
P..'4R 11 
e.:5e l? 
P."5LI rP 
e.:7: 10 
e.<3z 1c 
e..?9a l? 
Q.lcvJ 77 
P1.*1a 17 
0.12% ,'I 
P.,'ll' Y" 
f.14.’ 1* 
v.15a 7n 
9.1'13 11 
0.17e TC 
0.138 11 
0.198 1c 

GREATER IHAN 

NO 3 OF X !‘A CM 1470.080 Fl FRO,, THE TIRGET 

LESS THAI 

-e.z%? TIT 
-9.19e 1" 
-P.*O? 1n 
-7.17P iii 
-F.i42 19 
-:.152 1') 
-c.14.7 1, 
-c.13.! 11 
-c.tzz 11 
-F.i10 10 
-f.1PC 1n 
-2.:9e TO 
-f.z9a 70 
-C..‘7C 10 
-2.:43 7, 
-c.c52 I, 
-P.,:4P r, 
-E.L!SE 19 
-P.7211 11 
-:.::1a ii? 
-P.a'P 1" 

C.?,F 13 
c.:'%P 10 
0.^3@ TO 
@.246 1') 
F.Z5B TO 
C.?6C TO 
E.77F 10 
P.294 11 
F.?')? l!l 
c., "1 1" 
f.llF 1c 
C.12,' l? 
F.lJQ l*J 
P.140 13 
c.15" in 
P.163 rn 
c.170 1" 
C.lOrT 10 
C.19d 10 

CREAlrR TWIY 

-0.2?0 

-a.i9a 
-E.lRB 
-?r.17e 
-3.16P 
-0.15a 
-2.142 
-P.130 
-a.122 
-2.11'3 
-a.1:'2 
-E.C?O 
-C.CQI 
-C.E7P 
-P.P61 
-7.PjZ 
-J.Q42 
-E.PJZ 
-P.F23 
-Z.Pl? 
-?.Cs‘P 

2.flP 
C.CZP 
8,030 
a.?:5 
%.CSB 
0.eon 
R.?IZ 
B.E2d 
n+ma 
R.1"' 
0.11: 
F.lZC 
ll.13cI 
L.110 
P.l$P 
p1.1hZ 
a.17:1 
R*ldC 
0.lPR 
a.zrc 

a.2,'0 

P 

P 
n 
0 
2 
a 
$3 
e 
P 
P 
3 

27 
67 

127 
127 
154 
197 
765 
373 
364 
369 
3e.6 
367 
Cl",* 
365 
343 
304 
266 
213 
151 
112 

76 
34 
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R 
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0 
I 
0 
a 
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THE fOLLO'+IriG 1s A HISl'CRAn OF Y FOR 5LldII RAYS -- -27- 
SCALE FACTORl In3 Y'S fOilAL 386 RAYS 

THt FOLLOilNG IS A HISlOGRA" Of I FOR 5e00 RAYS 

NO 4 OF YIN c4 

Figure 15. 

(1%) 
TM-374 
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145 
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176 
151 
172 
107 
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165 
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106 
177 
17? 
139 
155 
165 
179 
178 
124 
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121 
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77 
60 
4" 
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147E.0@0 fl FROn THE TARGET 

Beam.profiles at the ,th%rd focus in the horizontal and 
vertical planes respectively, .Two sextupoles are used 
and the momentum is one percent above the central.design 
value. 



LESS THAN -Pa273 

-r.zaa rn -a.190 
-1.,,?Z T7 -ll,lY3 
-:.,e., ,n -3.176 
-i.:70 T? -H.lbl 
-.'.,Sd T'7 -n.150 
-: .,Sd ,rr -;1.14ti 
-7.142 TO -0.131 
-v.13e TO -,0.126 
-i‘.120 TO -3.113 
-S.tlB T7 -0.1 'U 
-l'.1%3 T? -1.0-Jn 
-v.,9m r, -I* .0at4 
-c .,.3" 7" -11.870 
-c.p,o Tfl -8.063 
-?*:'60 Ti) -y1.053 
-v.p50 7" -0.040 
-r..;‘42 73 -d.030 
-v.c30 Tfl -.?.37d 
-r...20 11 -e.eio 
'L'.YlO TO -1).Q?R 
-L'.7E0 Tr) E.Blf 

P.VlQ 13 3.02R 
P.720 17 0103U 
P.733 TO a.043 
P.L40 1'1 P.05Q 
P.V52 T1 3.048 
7.ibQ Tr? Q.b78 
Y.%70 TO p.a4a 
P.:'Y!d 1') Q.k?')P 
Q.YP% TQ R.1 '0 
P.120 TO 3.11C 
Y.IlP TO M.lr'2 
E.120 TrJ 0.13ti 
P.Y30 TO 1.140 
e.iwd 77 1,150 
k.156 Irl a.168 
iv.160 T7 0.170 
v.17a 17 0.1YE 
r.je0 II 3.190 
c.190 TO 1.2b.d 

GREATER THAN 0.230 

I.TEHIAL 

NO 1 OF I IN c1 

NO 2 OF XlU CM 

Figure 16. 

THE FOLLOvlNG IS A WISTOGRA'; OF X FOR 5000 RAYi 

LESS THI'I 

-7.228 r7 
-?.l?a 73 
-t.lya 10 
-7.172 T'? 
-P.,60 To 
-r.15!! 75 
-I.**&! TO 
-P.132 7, 
-e.120 T', 
-r.ilo r3 
-I .17d T1 
-L .Z9d T,, 
-0.:‘3&? TO 
-p.;7n TO 
-('.,'bo 71 
-F..52 7') 
-P.P'IP ro 
-k-.,.32 70 
-P..23 rn 
-r.:1a 73 
-c . . *a 1'1 

-0.220 

-0.190 
-0.1463 
-2.170 
-2.1*a 
-6.152 
-a.140 
-c.i.~a 
-n.12e 
-P.llO 
-3.1-a 
-e."9Q 
-B.U30 
-d.072 
-2.060 
-7.PjZ 
-?.PlE 
-@.A32 
-8.221 
-".Bl3 
-v.a:a 

k7.0ld 
3.323 
0.0J'd 
n.343 
P.050 
kr.003 
i!.07? 
V.392 
B.PPQ 
8.1"0 
m.ila 
P.l?fd 
a.13a 
e.142 
2.150 
e.162 
3.17P 
I.*33 
0.198 
Q.2J0 

2254.000 
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244 
295 
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1041.139 FT FROM THE TARGET 

Beam profiles at the .seeond focus in the vertical and 
horizontal planes respectively. Four sextupoles are 
used and the momentum is the central design value... 



THE FOL(.Oil:4C If A HI'3TrJGDA-4 OF X FOQ 50oa AkYS -29- 
lVlCRV4.L 

LESS tHAt< -0.2’0 

-@.?a0 
-I'.190 
-i'*,BQ 
-?.17.: 
-.‘. 150 
-i‘.152 
-9.140 
-2.138 
-P.i20 
-i .IlZ 
-T*lZd 
-T*F90 
-2.79a 
-n.p7a 
-v.:‘5Q 
-v.n50 
-P.Q4a 
-Y.F32 
-7.172 
-P.o12 
‘P.FdC 

Y.PlP 
F.022 
t.c3a 
v.24a 
F.irSV 
F.lOi’ 
F.?70 

‘T.VSP 
3.992 
e.,.“a 
f.llCJ 
Y.122 
P.133 
c.i4a 
f.l5L? 
Y.168 
P.170 
2.19-d 
h?.lPE 

3n 
31 
26 

:z 
39 
57 

10 69 
TO 57 
T7 73 
10 73 
TO 111 
10 137 
,n I72 

194 
238 
23H 
761 
759 

TO 742 
T@ 0.013 79’ 
rn R.0%0 2Y4 
I n e.a7e 746 
TO 8.04a 744 
13 R.052 217 

0.Clh0 171 
T 0 2.076 lb7 
TO i?.fiPQ If9 
TO .?.e91 97 
10 0.1’fi 71 
TO 2.110 63 

7.128 61 
3,133 57 
P.142 
0.152 :: 
0.100 44 
0.173 42 
L?.lR3 3;” 
m.19a 31 
0.258 31 

NO 3 OF XIN CM 

I73 
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1478.0110 FT FROM THE TARGET 

THE fOLLO;rlUG IS A HISTOGRAW OF Y FOR 5000 RAYS 

I'JTERVAL 

LESS THA! -0.Pl2 

-P.?IP 
-P.193 
-7.132 
-i-.17> 
-1.155 
-2.15a 
-P.143 
-“.131’ 
-7.122 
-V.1lJ 
-i-.172 
-E..‘?L- 
-P.,‘b@ 
-P.773 
-‘r .762 
-;.:5r 

-0.190 
-1.lfl2 
-2.170 
-*.i57 
-2.152 
-2.140 
-7.13a 
-0.12a 
-3.117 
-7.1’2 
-2.e97 
-e,k-ie 
-d.a7a 
-P,e5i” 
-a.e>g 
-7,048 
-d.332 
-a.e7r 

P.B3P 
a.e4a 
a.e5a 

?.I13 
n.iza 

Figure 17. 
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SCALE FACTOR: 18V X'S ECUAL 477 RAYS 

1478.330 FT FROM THE TARGET 

Beam profiles at the 'third focus in the horizontal and 
vertical planes respectively. Four sextupoles are used 
and the momentum is the cenfral design value. 


